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Abstrac-NASA. Extreme Environment Misslon Operations 
(NEEMO) isan underwater spaceflight analog that allows @ 
true mison-tike aperatlonal environment and uses buoyancy 
elfeets and added eight to simulate diferent gravity levels. 
‘Three misslns were undertaken from 20142015, NEEMO's 
18-20, All missions were performed atthe Aquarlus undersea 
research habitat. During. each mision, the effets of 
‘Communication latencies on operations concep timelines, and 
tasks were studied, METHODS: Twelve subjects (4 per 
mission) were welghed out to simulate near-zero oF pari 
feanity extraveleular activity (EVA) and evaluated diferent 
‘Operations concepts for integration and management of a 
simulated Earth-haced scence team (ST) to provide input and 
iretion during exploration activites, Exploration traverses 
‘were preplanned based on precursor data. Subjects completed 
selenctreated tasks Including presampling surveys gologe 
tased sampling, and marinetbosed sampling az portion of 
thelr tasks on saturation dives up to 4 hours in duration that 
were designed to situate entraveieular activity (EVA) ot 
Mary or. the amooas of Mars, One-way communication 
Iateneles, § and 10 minutes between space aad mission contol 
were simulated throughout the misslons. Objective data 
Included task completion tines, otal EVA times, crew idle 
time, transaton time, ST assimilation time (defined as tine 
avalable for ST’ to” discuss datvimagery after dala 
‘equllton) Subjective data lnctuded accepsbily,smulation 
‘ipability assessment ratings, and comments 

‘Precursor data can be dae effectively to plan and 
‘execute exploration traverse EVAs (plane included dealed 
locaton of sence sts, high-idelity Imagery of the sles, and 
Airections to landoarks of laterest ‘within site). Operations 
‘concepts that allow for presampling surveys enable effin 
twaverse execution and meaningful Mision Control Center 
(MCC) interaction across communication latences and can be 
‘done with tinisal crew he tne. Imagery and context 




















Jnformaton frm the EVA crew that is transmitted rea-tine 
to the ntravehleular (LV) erewmembers) can be used overly 
that exploration traverse plans are beg executed correctly 
“That same data canbe effectively used by MCC (across comm 
latency) to provide meaningful feedback and instruction tothe 
crew regarding sampling prorts, additonal tasks, and 
‘changes to the EVA timeline. Text / data capabilites are 
preferred over voice capable between MCC and 1V when 
‘xccuting exploration traverse plans over communication 
latency 
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A. INTRODUCTION 


The NASA Extreme Environment Mission Operations 
(NEEMO) Project provides analog missions that send 
groups of astronauts, engineers, and scientists to live in the 
‘Aquarius underwater habitat for up to 2 weeks ata time 
‘Aquarius isthe world's only undersea research facility and 
is located ~35 miles off Key Largo, FL at a depth of 62 
feet. NASA and the NEMO project have used Aquarivs 
since 2001, The habitat and its surroundings provide & 


convincing analog for space exploration. Living and 
Working in the undersea environment allows partiipants 
(aka “aguanauts") to experience some of the same 
challenges that thee are on distance asteroids, planes (¢-8. 
Mars). the moons. The aguanauts are able to simulate 
living ina spacecraft and test extravehicular activity (EVA) 
techniques and exploration “concepts for future space 
missions, The underwater environment has the benefit of 
cnabling the aguanauts to simulate different gravity levels 
‘On shore, mission contol facilites allow steaming of 
audio, video, and data from the crew inside the habitat as 
Well a+ while outside the hubitat performing simulated 
EVAs: similarly, communication streams flow from mission 
‘control to the habia. Lateney can be introduced into the 2- 
‘way audio, video, and data steams to simulate the delays in 
‘communication that will occur when human venture into 
‘deep space. As an example, destinations such ax Mars 
surface o ifs moon Phobos would intruce communication 
latencies with Earth from 4-22 minutes in each diestion 
“The NEMO missions discussed in this paper simulate the 
Mars system, which aligns with NASA's Evolvable Mars 
‘Campaign (EMC). (1) 21 [3] 





The paper will address the communication latency-elated 
research conducted during three NEMO missions 
NEEMO 18 (uly 2014, 9 days), NEEMO 19 (September 
2014, 7 days), and NEEMO 20 (July 2015, 14 days). Each 
mission had person aquanaut crews consisting of NASA 
and intemational (ue. Japanese Space Agency. European 
Space Agency) astronauts and EVA engineers. Exploration 
traverses were execited onal thrce missions with simulated 
‘communication latencies ofS and 10 min OWLT (one-say 
light time). These communication latencies were chosen to 
representa short and intermediate latency relevant to the 
“Mars system and to cross-over to studies performed in other 
analogs. [4] 


Exploration Traverse Operation Concepts 


During the Apollo missions, exploration waverses were 
planned in advance bused on data and imagery gathered 
from precursor satelites and prior missions. [5] ‘Those 
traverse plans were comprised of science sites with 
Proposed ‘paths between them as well as detailed EVA 
Timelines that defined the tasks to be performed at each 
science site. [6] 








The Apollo crews had significant training in geology and 
science task prior to their missions [7] and ths wil likely 
he the case for future Mars crew [S]s. Even with their 
‘extensive waning, Apollo astronauts were further supported 
by a science team (ST) on Earth that was essential to the 
‘overall scientific suocess of the missions. [9] The inpat that, 
‘could be provided by a ST took several forms: precursor 
plans for each science site, feedback during the EVA on 
Science priorities based on new information provided by the 
crew, changes to the science plans between EVAS, and 
formulation of new science plans for future missions.” The 
OWLT for the Apollo missions between the Earth and the 





Moon was minimal (-1.25 sec), which allowed for 
‘meaningful nea real-time interaction withthe ST during the 
EVAs without special consideration for data transmission 
times and thus without impacting eHficiency of increasing 
‘crew idle time (idle time defined as time spent waiting for 
round input, [10] As the OWLT increases for destinations 
such as the Mars system, achieving meaningful ST input 
‘during the EVA willbe more challenging. [11] 
Based on these challenges, one operations concept would be 
to assume nearly complete autonomy for execution of the 
science by the crew with a ground-based ST acting 
Primarily as” a passive observer, only providing 
‘opportunistic feedback across latency during the EVA to 
influence erew actions and scientific return. An altemate 
‘operations concept would be to design EVA timelines with 
builtin timing accommodations to allow for data 
transmission to the ST, data analysis and interpretation by 
the ST. and the return transmission of the ST input to the 
‘crew. A hybrid approach between these two operations 
‘concepts was studied during NEEMOs 18-20, incorporating 
‘mixture of crew independent and dependent tasks being 
Pesformed. This approach built upon the results from other 
analog tests such as those performed at Pavilion Lake 
Research Project [12] and NASA's 2012 Research and 
Technology Studies [4]. The high-level objective of the 
NEEMO 18-20 missions was to continue the research to 
determine the acceptability ofthis hybrid approach and to 
identity the capabilities that would be needed to implement 
the operations concept fr actual missions, 

















Operations Concept Assumptions —_ For exploration 
destinations such as Mars of Phobos, itis assumed that 
robotic precursor missions will have collected sulicent 
high quality imagery and precursor data to plan detiled 
‘exploration triverses to be performed by human crews. 
Based on the results of analysis and analog testing, the 
baseline architecture assumes 3 ground-based mission 
control center (MCC) and ST to provide overall flight 
‘contol “and science expertise, respectively. In-space 
fchitectre clements will include a habitat with 
intravehicular (IV) workstations to support EVA operations 
tnd one or more EVA-dedicated Space Exploration 
Vehicles (SEV). [4] [1] A communication architecture 
between these elements and a crew during EVA wil support 
transmission of voice, video, still images, and data across 
communication latency between the destination and Earth 
The main two-way communication path between the crew 
and MCCIST will be through the IV crewmembers): i 
senerally MCCIST does not communicate directly 1 the EV 
‘row but rather interacts with IV and then IV passes relevant 
information onto the EV crew. However voice, video. still 
images, and data from the EV erew does transmit directly t0 
both LV (realtime) and to MCCIST (across latency) 











During EVA exccution, information will be obtained 
through pre-sampling surveys of each targeted science site 
along a traverse; those presampling surveys will provide 
audditional and higher resolution data than was oblainable 
from precursor missions. I is assumed that while the crew 





will have significant science training. a higher level of 
Science expertie andlor analysis capabilites will exist in a 
sround-based ST. The presamipling survey data can be used 
hy the ST to provide input wo the erew through modification 
science priorities, science tasks, andlor to modify traverse 
plans and maximize the quality of the science achieved. tis 
‘ssumed that EVA timelines can be designed to allow for 
the ST input to occur through integration of ground 
independent and ground dependent tasks while minimising 
crew idle ime, 





Timeline Design Approaches 
“To allow for ground-based ST interaction with crews during 
EVA under latency constrains, special consideration must 
he given to EVA timeline design. There must be a clear 
delineation between which EVA tasks can be dane 
independently of MCCIST interaction vs. those tasks that 
are ether dependent om ground input or could substantially 
benefit from ground interaction. For tasks that are dependent 
‘on ground input. dependent task groupe ean he created and 
disinbuted throughout the timeline. For instance, a 
‘dependent task group could consist ofa pre-sampling survey 
ff a science site based on precursor plans, which can be 
petformed independent from ground isput, and a follow-on 
mpling task of that scence site that iv dependent on 
‘ground input, Other tasks in the timeline can be decoupled 
from the dependent task group(s) and may be performed 
stand-alone, independent from ground ipa, With sufficient 
understanding of EVA tsk durations, dependencies, 
OWLTs and the amount of time needed by the ground to 





provide meaningful input for dependent tasks timelines can 
he created that allow for ground input while minimizing 
‘crew idle time. This necessarily includes adequate 
Separation of dependent tasks in a dependent tasks group. 
AAS a result the timeline may be structured by interieaving 
‘dependent ask groups with independent tasks 10 fill 
villable time between dependent tasks to utilize the time 
that would he otherwise spent waiting on roundtrip data 
transfer 





Figure 1 depicts an example of an EVA timeline designed 
with both dependent task groupe and stand-alone tasks, Por 
instance, Task A - Pats | and 2 represeat a dependent task 
toup in which the frst partis perfoemed independent ofthe 
round (eg. pre-sampling survey) and the second part 
depends on gvound input ro execute (eg. sampling) In 
between the fo task parts in this group, data from the frst 
part reaches the ST across latency and ground assimilation 
lime (GAT) is allocated forthe ST to analyze the data and 
formulate input. ST input is ten sent fom the ground to the 
crew belore the inpdt is nosded to start Part 2 of the 
‘dependent task group. The sample timeline also depicts the 
interleaving of maltiple dependent task groups, as Well as 
the insertion of stand-alone tasks to allow for coordinated 
interactions without ile tine between the crew and MICC. 
‘This approach to timeline design is meant to facilitate 
round interactions ia the presence of ‘communication 
latency o minimize crew idle time 
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Figure 1 EVA timeline designed with dependent task group. 
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Figure 2- Acceptability and capability assessment rating scales, 


2. RESEARCH QUESTIONS AND STUDY DESIGN 


“The NEMO 18-20 research questions addressed in this 
Paper were focused om assessing operations concepts and 
‘capabilities for having meaningful space-ground interactions 
during an EVA, even in the presence of communication 
latency. They ean be summarized as: 

“"" Are the mission operations concepts, science 








operations concepts, and communications protocols 
tinder consideration for different exploration 
mission destinations acceptable? What 


improvements ae desired, warranted, or required? 
= Dormission operations concepts, science operations 
concepts, and communications protocols remain 
Sscceplabie as communications laleney increases up 
to 10 minutes one-way light time (OWLTY? What 
improvements are desired, warranted, or required? 





‘To investigate these research questions, exploration 
traverses were designed and executed during all three 
NEEMO missions using the aforementioned bascline 
operations concept. During NEEMO 18, $ and 10 minute 
COWLTs were simulated; additonal independent variables 
Were voice-only or text-only constants on 1V-MCCIST 
Interactions, bat data transmission (e.g. annotated images) 
‘was allowed under both conditions, During NEEMO_19, 
only a 10 minate OWLT was performed and there were na 
restitions on voice text, ar data capabilities between IV 
and MCCIST. NEMO 20 was executed with $ and MW) 
minute OWLiTs, also with no restrictions on voice, text oF 
data capabilities. During NEMO 20, diferent methods of 
assigning GAT tothe ST were studied, The concept of GAT. 
‘was present for NEEMO 18 and 19, but the input from the 
SST was strictly predetermined requiring no data synthesis 
during EVA execution. For NEEMO 20, the ST was asked 
to formulate input realtime based on the data. being 
received ffom the EV crew. With this aulded fidelity. 
different methods of assigning GAT were assessed: a fixed 
GAT of 5 minutes (i addition to the time tha it takes for 
data tn stream to the ST; 5 minutes selected as a first 
estimate ofthe necessary time that was minimally impactful, 
to the timeline design), and a dynamic GAT that enabled the 
SST to process and interpret the seaming data as long as their 
input reached the crew by the time it was needed. Thus, 
during the dynamic GAT condition ifthe crew was behind 
in the timeline, the ST could take longer to formulate input; 
alternately ifthe crew was abead in the timeline. the ST was 
forced to formulate inpat more quickly so as not to create 
idle time forthe crew including possibly making decisions 











based on incomplete information if suficient time was not 
avallabl to review al ofthe incoming data 


During all three missions. the study team consistently 
‘applied & set of fck-tested evaluation technigues that wse 
surveys of acceptability and capability assessment ratings 
(Figure 2), which incorporated individual and consensus 
ratings of the EV crew, IV crew, and ground-hased teams 
“This assessment methodology has been used during several, 
previous PLRP, RATS and NEMO field tests [13-15] 6} 
Initial ratings’ and associated recommendations were 
recorded individually by team-members. Overall consensus 
ratings and recommendations were then discussed and 
‘greed upon by crewmembers and the MCCIST team in 
PostEVA consensus mectings, An addtional opportunity to 
tiscuss and adjust consensus ratings was provided at post- 
mission debriefs. Additional datasources included console 
‘opersor notes and EVA performance criteria duration of 
tasks, idle time, and communication content, 





3. MeHops 


“The baseline operation concept was executed om all three 
missions with simulated milligravity and. partial gravity 
EVAs up to 4 hours in duration, One half day of EVA- 
focused elasscoom-hased training was provided to each crew 
several weeks in advance of each mission in which the 
‘objectives, study design, and methods were described 
‘Additonal field-based traning took place for each erew in 
the week preceding each mission, with afew hours of 
hands-on time with all the required equipment and 
procedures prior to mission start this time wis limited de 
to required training in dive and habitat systems and taining 
for other investigations taking place during the missions. 





“There were two EVA crewmembers on all EVAS and one 
dedicated IV crewmember inside Aquarius supporting the 
EVA. Mission control and science teams were staffed to 
support all EVAs. The EVAs inclnded exploration traverses 
that were designed on the seafloor in the vicinity of 
Aquarius, incorporating multiple science sites: simulated 
seologic sites (NEEMO 18-20), simulated marine science 
sites (NEMO 19) and actual marine science sites (NEEMO 
20). NEMO 20. marine sciences were selected and 
‘explored based on actual scientific research objectives, as 
‘opposed to NEMO 19 where the scientific investigation of 
murine sites was fabricated for the simulation. The marine 
science activities served as surogate astrobiology research 
tctivites, Crew translation modes between science sites 


varied by mission and EVA environment, For the 
millgravity environment, booms weee used and for partial 
gravity, the crew used ambulation or diver propa 
‘chicles Capabilities und products for executing the hasline 
operations concept are described in the following 
subsections 





Mision Contol Center 
‘The Information Technology and _ Communications 
Directorate (ICD) at Kennedy Space Center (KSC) 
partnered with Florida Intemational University's (FIU) 
‘Aquarius Reef Base (ARB) and the NASA analog team, 
provided « mission control center (MCC) during all three 
missions. The MCC provided: 
= Mult-path infrastructure including video, audio, 
network / data sharing, and data management 
= Console operators including mission director, 
EVA, planners. Public Affairs Office (PAO), 
Capsule Communicator (CAPCOM) 
= Cemtfed ISS mission planners executing a flight 
plan using Playbook (defined in later section} 
= Daily execute notes, operations notes, and planning 
product updates 
= "Plight" procedures for EVA. science, et. 
= Dedicated science team working area 





Dive Systems 
‘The dive system used by the EV crew during the missions 
was the Super-Lite 37 umbilcal-based dive sytem (Figure 
3) The SL-37 or similar systems have been used 
‘extensively at previous NEEMO missions and aumerous 
‘other undersea Operations. The crews were hardwired tothe 
‘Aquarius habitat via umbilical to mediate data and oxygen 
supply wansfer. ‘The umbilical enabled 2-way voice 
‘communication capability between the habitaMCC and the 
EV crew. Cameras onthe Helmets provided streaming video 
from the EV crew to the LV exw, MCC, and ST. 








Figure 3 - EVA crewmember performing sampling task 
“37 dive system w/helmet-mounted video camer: 





1V Workstation 





Within Aquarius, a dedicated 1V workstation tht included 
reabtime, 2-way voice communication with the EV crew 
‘outside of the habitat was wtized. The IV operstor had EV 
‘crewmember point-of-view video thanks to mounted helmet 
cameras as well as a bint's eye perspective of crew and 
‘worksite provided by fixed situational awareness caments 
(Figure 4). Multiple laptop computers and tablets were 
avallable to the IV crew for guiding the EV crew through 
the EVA timelines, procedures, Interaction withthe ground 
was mediated via texting using Playbook© and/or voice 
thing VoxerD and Veomm®. over the simulated OWLT. 





Figure 4 - Aquarius IV workstation. 


EVA Traverse Maps and Plans 
AIL EVA support tools, such as traverse maps and detailed 
procedures, Were created using precursor data and were 
uulized for all EVAs, These materials defined the specific 
seospatial location of each science sitezone in relation to 
Known landmarks and aniculated the roquired procedures 
for successful task execution. Figure 5 shows a Phobos 
EVA traverse map used during NEEMO 20, where the cre? 
leveraged a prototype Phobos boom to conduct scientific 
‘cites in predefined science work zones. Figure 6 shows 
‘crew perspective EVA plan ofthe same plan articulated in 
Figure "3 with precursor science targets overlaid with 
Priority annotations developed by the ST. 





Figure 5 — Example precursor traverse map from 
NEMO 20, 


‘Figure 6- Example precursor plan from NEEMO 20, 


Temporary Markers 
‘Temporary markers were used during pre-sampling surveys 
to clearly mark areas of interest based on precursor data 
(Figure 7). They also served as a reference frame to which 
the ST could direct their sampling recommendations and 
Pivrtes. During the pre-sampling surveys. EV 
crewmembers placed the temporary markers according to 
the precursor data plan and then centered their helmet 
‘mers field-of-view on these lactions to provide detailed 
images ofthe surrounding areas tothe ST. 
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Figure 7 - Temporary markers (example from NEMO 
20) used to identify potential samples during pre- 
‘sampling surveys. image credit: NASA) 
Playbook 

‘The Playbook® planning tool, created by Ames Research 
‘Center, has heritage hack to the Mars Exploration Rover 
mission, the Phoenix Mars Lander mission, the Mars 
Science Laboratory. and ISS crew activity planning. by 
‘pound controllers at Jonson Space Center. Playbook 
allows the erew and controllers to view and maniplate 
time-lined mission activities, transfer text and images via & 
texting client called the Mission Log, and access procedures 
for all mission activities, The Mission Log was used during 
the EVAs as the main method of sending text and data (eg. 
annotated images: Figure 9) between IV and MCCIST. with 
the exchange of information delayed bused onthe inposed 
latency 





‘Figure 8 - Baseline operations concept traverse and science flow. 
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Figure 9 - Example annotated message sent from ST to 
IV to convey ST science priorities during EVA. 
EVA Process Flow 
EVA timelines followed the general process flow depicted 
in Figure 8. Each EVA was operated by an IV crewmember 
and two EV crewmembers, The MCC and ST monitored the 








EVAs and proved input in terms of mission and science 
Priorities, The EVAs were exccuted using the precursor- 
‘defined traverse maps and science plans. The EV crew used 
the temporary markers to mark areas for potenti sampling 
tnd used helmet video cameras to image the temporary 
markers once placed alongside the samples of interest. The 
SST (across latency) captured still images from the helmet 
‘camera video, annotated those images with sampling 
recommendations (Figure 9}, and seat them back to 1V to 
‘convey ST sampling priorities. 1V then worked with EV to 
incorporate the ST input forthe subsequent sampling tasks 


EVA Timelines 
Deuiled EVA timelines (Figure 10) were designed based on 
the general EVA process flow and implemented in Playbook 
for each EVA. The timeline design approach described 
catlier was used, ie. interleaving dependent task groups 
incorporating independent tasks, and. accounting for tsk 
durations. Task durations for the EVA timelines. were 
festimated based on prior experience with the tasks and 
‘consultation with field scientists. Based on the estimated 
times, gaps were designed fetweem tasks ina dependent task 
roup to allow for transmission of pre-sampling survey data 
1 MCCIST, time for assimilation of the data by the ST 
(GAT) and sending of input for the associated sampling 
task, and transmission time from MCCIST to the crew. 
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Figure 10 — Example EVA timeline with 5 minute 
COWL communication latency; dependent tasks 
grouped by color. 


4, RESULTS & DISCUSSION 


Each mission varied i the number of EVAs and EVA hours 
dedicated to operations concept research summarized as 
follows: 

SP" NEEMO 18: 4 EVAs, 12 hours total 

NEMO 19: 3 EVAs, 12 hours total 

NEMO 20: 10 EVAs, 32 hours total 
“The number of dependent task interactions varied by EVA, 
hut were designed around visiting and revisiting science 
sites or landmarks to perform pre-sampling surveys and 
Sampling, espectively. 








Acceptability of the Operations Concept 
NEEMO 18 and 19 crews provided operational acceptability 
ratings for the overall operations concept Both the NEEMO 
18 and 19 crews rated the operations concept “otally 
acceptable” (Figure 11; reference Figure 2 for rating scales) 
‘The crews provided no diferences in their acceptability 
based om any ofthe independent variables (i.e. 5 ys. 10 nin 
(OWL or any restrictions on voice vs. text ¥S voice + tex) 


Consensus Operational Acceptability 
Ratings from Crew 


Figure 11 — Operations concept consensus acceptability 


ratings from the erews of NEEMO 18 and 19; reference 
Figure 2 for details on scales. 





Since the ST input for NEMO 18 and 19 yas simulated 
(ie. effectively zero GAT), no ST consensus ratings were 
gathered. For NEEMO 20, in which the ST input as 
formulated real-time alter receipt ofthe pre-sampling survey 
data from the crew, ST consensus acceptability ratings were 
collected, The NEEMO 20 ST rated the dynamic GAT 
‘condition more acceptable than the fixed GAT condition for 
both Sand 10 min OWLT (Figure 





Sin OWLT, Dynamic GAT 


20min OWL, Dyeamie GAT 


Figure 12 - NEEMO 20 science team consensus 
operations concept acceptability ratings; reference 
Figure 2 for details on scales. 


Fixed GAT- The ST stated that much beter data synthesis 
tools are roquired in order to produce an answer within the 
fixed GAT of $ minctes alloted during NEMO 20. Much 
‘of the ST efforts and attention was spent sifting through 
feconded video from the EV crew helmet cameras and 
capturing an appropriate image for anaotation and upload of 
input, rather than spat synthesizing the imagery of interest. 
(Overall, there sas less time assimilating the data and more 
time acquiring meaningful context imagery and generating & 
product containing ST input for upload. The ST stated that 
the only realistic infleences a ST can have on EVA 
‘execution under a S-minute fixed GAT condition using the 
tools provided during NEEMO 20 are likely limited to 
predefined target option selection. Fr example if there are 
“4 precursor identified targets andthe ST input sto pick wo 
ofthe four targets hase on the data from the EV crew. Any 
influence of setion that is not aligned with the precursor 
data is dificult to convey withthe tools used (mission log) 
Within the time available. A priori decision making 
requirements and associated information is critical to 
making fied GAT a feasible option. 











Dynamic GAT- The ST stated that the dynamic GAT 
condition provided a more reasonable time period ta 
syathesize data because they could track timeline progress 
and delay sending input until it was needed. By delaying ST 
input. the ST could refine their priorities, and articulate their 
input more siccietly. Coineidently, dynamic GAT was th 
preferred option during NEEMO 20 given that nearly all 
tasks performed tok longer than expected, thus giving more 
time for the ST. The ST stated there is a possible 
compounding effect however. ifthe ST takes mare time 
to symthesize the data, the mor likely it would be to include 
‘more tasks/samples for the crew to perform, which would 
further impact nd likely delay EVA. timeline progress 





further. Also, had the crew been ahead in the timeline, the 
‘dynamic condition as executed could have been werse than 
the Smin fixed GAT condition, ic. requiring quicker 
decisions to be mide. Consideration could he given to 
hybrid approaches. including those that may. limit that 
amount of idle time to a% set amount, followed. by 
proceeding with precursor plans. 


Capabilities Assessment 
Key capabilites for execution of the operations concept 
Were assessed by the crews (NEMO 18-20) and ST 
(NEEMO 20). Figure 13 shows the capabilities assessment 
ratings provided: reference Figure 2 for raings scale 
descriptions. 
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Figure 13 - NEEMO 1820 crew and science team 
‘consensus capability assessment ratings; reference 
Figure 2 for details on rating scales. 


IV support for the EVAs as a means of distilling science 
team input and providing itto EV as well as guiding EV in 
capture of imagery to provide to the ST was rated essential 
hy the NEEMO 20 ST and most crews. Furthermore it was 
holed that incorporating a dedicated Science IV 
‘crewmember to focus solely on the scientific aspects of the 
EVA (eg. science payloads, samples, data collection, te) 
would be highly beneficial. This addition would allow for 
superior tsk sharing with the other IV crewmember, wiio 
‘could then attend to the more traditional EVA tasks (e.g. 
Timeline management and procedure support), However 
auditonal personnel also requires an additional layer of 
‘coordination by the IV operators beyond what the curently 
baseline operations concept examined. 








Support from the ground to execute the operations concept 
‘was rated essential by the NEMO 20 ST and most crews 
Pre-tampling surveys and imaging were rated at essential 
for execution ofthe operations concept hy all erews and the 
NEEMO 20 ST. A tool with the capability to send lext and 
annotated images was rated as essential to executing ofthe 
‘operations concept, A mithod of unambiguously marking 
‘lndidate samples was tated as essential oF significantly 
cehuncing by all crews and the NEMO 20 ST. A helmet 
‘camera capability fr the EV crew to use to capture marked 
‘cndidate sample areas wat rated as essential or 
Nignificantly enhancing by all crews and the NEMO 20) 
ST. 


PresSampling Survey and Ground Assimilation Times 


‘The EVA timeline design process estimated the time of 
‘completion for tasks such at pre-sampling surveys. During 
NEEMO 18 and 19. pre-sampling surveys were simple tasks 
that only required identification of straightforward sample 
information or measurements (such as ruler dimensions and 
color) For NEEMO 20, EV crew were required to provide 
‘more advanced sample description, thus making. the 
Scientific tasks more realistic but also more suscepile to 
tmining effects. Figure 14 shows an example ofthe planned 
‘s-actal pre-sampling survey times for 4 EAs near the 
start of the NEMO 20 mission. This example shows that 
the majority of presampling survey times ran longer than 
expected, with the longest times during the frst EVA. 
‘Traning effects due to limited familiarization time with 
equipment and methods are the reason for substantially 
longer pre-sampling times on EVA 3. 





Figure 14 - Time for crew to complete geology pre- 
‘sampling survey during NEEMO 20 Phobos EVAs. 


Figure 15 shows s representative example ofthe actual GAT 
vs planned GAT during NEMO 20's fixed GAT EVAs 
‘The fixed GAT for NEEMO 20 was limited to 5 minutes 
‘The pot shows that although S minutes was alloted for data 
sythess atleast 10 minutes was taken to formulate the ST 
input and send a response to the crew. The general 
perception from the ST was thatthe process for capuring an 
Image from recorded video, annotating it and uploading it 
the mission log could not be done quicker. and the longer 
the pre-sampling survey lime, the longer it ook to select an 
image for annotation. 





‘eolegy Sampling one (2), 
Figure 15 - Actual vs planned ground assimilation time 





(GAT) during NEMO 20 Phobos EVAs. 


Figure 16 shows representative data for the NEEMO 200 
dynamic GAT cases, When the ST realized thatthe crew 
Were running Behind schedule, they took advantage of the 
fulditional time when operaling in the dynamic GAT case. 
NNote that all dynamic GAT durations are longer than the 
fixed GAT time ofS minutes 





VAS (pram eva aye) 
‘Geology Samaing Zones (2) 


Figure 16 Actual ground assimilation time (GAT) 
during NEEMO 20 dynamic GATT Phobos EVAS. 


‘Sid Limitations 
‘While exch the vera operations concept proved effective. 
there exists numerous challenges and areas of improvement 
for future analog studies to increase the fility of the 
results In particular to NEMO 20 operations, the inclusion 
‘of actual scientific objectives in the form of marine science 
fctivties imposed a higher degree of required crew 
fexpertite and ST/V support tool functionality. Crew 
traning will need to become more comprehensive. 
including the specific scientific nuances associated with 
proper sample survey and collection in addition to more 
traditional EVA task procedures. From an ST perspective, 
Incorporating a more’ capable data synthesis envionment 


and. chain of authority will be paramount, ‘The limited 
fnumber of personnel in the ST during NEEMO 20 
ifcially streamlined the scientific data synthesis process. 
Future man spaceflight missions wil likely inckude many 
‘competing ST science objectives all of which will need 10 
be managed during EVA to ensure the crew is mesting 
objectives. 


5. CONCLUSION! 





1 Precursor data can be used effectively to plan and 
‘execute exploration traverse EVAS 


2. Operations concepts that allow for pre-simpling 
surveys enable efficient raverse execution and meaningful 
ST interaction across communication lalencics 





= Cepsbiltes that provide imagery and information 
from the EVA erew real-time to IV can be used to 


verify exploration averse plans 


= That same data can be effectively used by ST 
(across comm latency) to provide funher 
instructions to the crew on sampling. prot, 


auditional tasks, and changes to plans 


3. Continuous and meaningful MCCIST input is 
achievable during exploration traverses, even with long 
‘communication latencies up to 10 minutes, 


44. Dynamic approaches to GAT are preferred over fixed 
‘when timeline tasks take longer than expected. 





While a fixed GAT guarantes time forthe ground 
to assimilate science data, the 5 minutes alloted 
‘during NEEMO 20 was insufficient given the tools 


provide. 


[A dynamic approach to GAT allows the ST to take 
‘more time to provide input when the crew i being 
‘onthe timeline, thus providing more potential for 
‘maximizing science 


When timeline tasks are taking less time than 
expected, a dynamic approach would. require 
‘quicker response by the scence team and woul! be 
less favorable 


5. Hybeid approaches to planning exploration EVAS that 
include some degree of crew autonomy should be 
‘considered 


‘Continue operations concepts research into hybrid 
approaches that balance crew autonomy hased on 
Precursor datalplans and methods for incorporation 
fof science team input on tasks where there can 
Provide benefit 

EV. and IV taining is paramount. More 
specifically, the science intent must be well 
understood vo that EV/IV crew can make calls in 


realtime if necessary to meet science objectives. 
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